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For over twenty years [1-3, for example) thermography has been under 
development as a nondestructive evaluation (NDE) technique for composite 
materials. Several techniques are in use in laboratory, manufacturing 
quality ccntrol, and field inspection applications. The purpose of this 
paper is to present the capabilities of the externally applied thermal 
field (EATF) [4) (also called passive [5) thermographic NDE method, to 
discuss the applications for which it seems best suited, to describe its 
limitations, and to highlight directions of further development. 
OVERVIEW OF METHOD 
Parallel and Normal EATF ThermographY 
EATF thermographic NDE methods involve the application of external 
heat to a structural surface and studying the resulting transient thermal 
pattern. Interior flaws such as delaminations which interrupt heat 
flux normal to the observed surface are identified by hot spots on the 
heated surface or cold spots on the opposing surface (Normal EATF -
Figure 1). Flaws such as surface cracks which interrupt heat conduction 
parallel to the observed surface are identified by local convexities in 
isotherms or steps in surface temperature (Parallel EATF - Figure 2). 
In Normal EATF thermography, the greater the hot spot (difference~T 
between temperatures above and away from the flaw), the better is flaw 
detectability. With Parallel EATF thermography, the step in temperature 
across a crack controls detectability. In all cases, detectability is 
enhanced by the length of time that the thermal pattern remains. 
Heating Methods 
The Normal EATF method requires uniform heat flux. For laminates 
thicker than 1 mm, incandescent light bulbs [5,6), infrared lamps 
[1,7,8,e.g.), and radiant heaters [9,10) have been found acceptable (the 
former for lesser and the latter for greater heat flux). Xenon flash 
tubes [11) and pulsed lasers [12) have been used to give short 
duration/high intensity heat for NDE of thin laminates and coatings. 
1125 
Fig. 1. Video thermogram of implanted de1aminations (white squares, upper 
left and upper right) and unintentional de1aminations (irregular 
shapes, center and left center) in [0/+45/-45/90]8 graphite/epoxy 
laminate. 
Commercial heat guns [4,7,13,14] have also been used with limited 
success because they produce nonuniform surface temperatures. 
Parallel EATF is primarily used for the detection of surface cracks 
by heat conduction parallel to the observed surface. This requires ~ 
temperature gradient, and heat is usually applied to an area adjacent to 
the region under inspection by a localized source such as a single 
incandescent bulb [13] or infrared heat lamp [7], electrical resistance 
strip heater [13], heat gun [7, 13], or shielded radiant heater. 
Temperature Measurement 
The two temperature methods which have received the widest use are 
liquid crystals and video radiometers. Liquid crystals [7,16,e.g.] are 
esters of cholesterol which, depending upon formulation and temperature, 
reflect colors from red through violet when illuminated with white light. 
Typical formulations can indicate temperature ranges of tenths to tens of 
degrees Celsius. Williams and coworkers [17, e.g.] have developed 
specific formulations for EATF NDE of glass/polymer composites. The 
advantages of liquid crystals are their low cost and compatibility with 
laboratory environments. However, since the range of a given liquid 
(a) Vertical ed~e splits (b) Vertical crack 
Fig. 2. Thermograms of surface cracks in graphite/epoxy laminates. 
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crystal is limited, constant ambient temperature conditions are required. 
The necessity for surface preparation, careful liquid crystal 
application, and cleaning following testing makes them unattractive for 
large structures and manufacturing or field test applications. 
Infrared radiometers determine surface temperatures by measuring 
emitted infrared radiation without surface contact. The newer models 
provide a color video display of surface temperature where borders 
between colors represent isotherms (Figures 1 and 2 are black and white 
reproductions of typical thermograms). The visible temperature range can 
be selected: typically, ranges from l oC to 10000 C are found on better 
models. Most can set the average visible temperature to any level from 
less than OoC to over 1000oC, allowing operation under conditions of 
varying ambient temperatures. Many video infrared scanners come with 
recorders and image enhancers which greatly increases versatility. The 
primary drawback to video infrared scanners is the cost ($20k to $100k). 
Analysis of Thermographic NDE Phenomena 
The use of heat transfer analysis has been crucial to the 
development of the EATF thermographic NDE methods. Analytical [18,19, 
e.g] and numerical [10,20,21, e.g.] studies of the thermographic NDE 
process have been able to provide indispensible guidance for setting test 
parameters and procedures, optimizing and determining limits on detection 
capabilities of specific equipment, and developing a method of complete 
flaw imaging (quantification) for delaminations. 
As constant heat flux is applied to a composite laminate's surface, 
the temperature difference ~T between flawed and unflawed regions will 
reach an asymptote with time even though the temperatures of each region 
continue to increase [10,20,21]. For most purposes, one can stop 
applying heat after the time necessary to produce, say, 90% of the 
maximum obtainable ~T [9] has passed. Also, polymeric matrix composites 
are temperature-limited to perhaps 100oC. Therefore, heat application 
time is limited in practical situations to either the time to reach 90% 
of the maximum nT or the time for the laminate surface to reach 100oC. 
These times range between fractions of a second for cOptings or very thin 
laminates (0.1 mm) [11,12] to several minutes for thick laminates (10 mm) 
[9,10,20,21] and can be found using numerical analysis for a given planar 
delamination size, material, stacking sequence, and heat flux. 
Test procedures for polymeric matrix composites have been developed 
from analysis and checked by tests [10,20,21]. For glass/epoxy (in-
plane thermal conductivity 0.5 W/mK) laminates between 1 and 8 mm thick, 
a heat flux of 1 solar constant is adequate to detect delaminations which 
are at least 30 mm in diameter located up to 3/4 through the laminate 
from the observed surface. The appropriate heat flux for graphite/epoxy 
with in-plane thermal conductivity of 40 W/mK is about 6 solar constants. 
Analysis has shown that flaw size, location through the thickness, 
thermal characteristics, and laminate material thermal properties affect 
EATF thermographic procedures and results. One-dimensional analysis will 
not suffice unless the flaw has an in-plane diameter greater than a 
particular value called the IDL [9,10,20,21] which can be 100 mm for a 
delamination at mid-plane of l-mm-thick high-conductivity graphite/epoxy. 
Two- and three-dimensional studies [9,10] have shown that NDE equipment 
configurations have limited flaw detection capabilities which depend upon 
equipment resolution and recording time as well as laminate material and 
flaw properties. For example, equipment requiring a minimum ~r of lOC 
one second after heat source removal cannot detect delaminations smaller 
than 10 mm between the top two plies in an eight-ply graphite/epoxy 
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laminate. This minimum flaw size, called the CDL, increases with location 
through the thickness and laminate in-plane conductivity. The CDL is 
generally larger for graphite than for glass composites. 
Optimal test conditions [9,10,20,21] may be found by heat transfer 
analysis of the EATF NDE process. Suppose it is desired to determine the 
heat flux magnitude and application time which will produce the maximum 
~T over a flaw of given size and through-the-thickness location. Time 
plots of surface temperature and temperature difference can be generated. 
From plots for a particular heat flux, time for surface temperature to 
reach 1000 C and time for 90% of maximum ~r to develop can be determined. 
The ~T at the lower of the two times will be the best that can be done 
with that heat flux. The heat flux and application time producing the 
largest ~T will be optimum for detecting that particular flaw. 
FLAW DETECTION 
Unbonds 
Figure 1 is a thermogram of a composite laminate containing 
implanted delaminations. The thermogram also detected unwanted unbonds 
which were created during manufacture. Manufacturing errors and impact 
damage can consist of single, multiple, and crossover delaminations, and 
fiber breakage. Single delaminations will be the least easily detected 
because their thermal resistance is generally smaller, and procedures for 
detecting them can therefore also be used for more extensive flaws. 
Flaw thermal characteristics will affect detectability. A quantity 
FC (fractional conductivity) has been defined [9,10,20,21] as a measure 
of the conductivity of a delaminated region. FC is the ratio of 
transverse thermal conductivity of a one-layer-thick region of composite 
containing delaminations to the conductivity of an intact layer. An FC 
of zero occurs when a delamination contains a vacuum; and an FC close to 
unity occurs if flaw gaps contain air and are very close together. If a 
damaged region has an Fe of unity it will not be detectable by EATF 
thermography. Tests conducted to date by the writer on impact-induced 
damage and disbonds created by faulty manufacturing have been able to 
detect all flaws which are also detectable by C-scan. 
The flaw detection procedure developed in [9,10,20] uses thermal 
analysis to find the optimum heat intensity for a small delamination 
located near the back (unheated) surface. Larger delaminations and those 
nearthe front surface will be easier to detect even if the heat intensity 
is not optimum for them. The analysis is used to find the minimum 
(assuming large flaws) and maximum (no flaws) heat application times for 
no thermal damage to the laminate. Testing begins with heat applied for 
the minimum time and continues in suitable time increments to the maximum 
time, ensuring that the safe maximum surface temperature is not exceeded 
regardless of flaw size and location. Transmission EATF testing [15, for 
example] has been performed by measuring temperature on the opposite side 
from that which is heated. This can be done only if there is access to 
both sides of the panel. For NDE of very thin laminates or coatings, 
thermal pulses have been applied by flash tubes or lasers [11,12]. 
Surface Cracks 
A surface crack can be detected only if heat is applied on one side 
of the crack and allowed to conduct laterally in a direction orthogonal 
to the crack. Figure 2 shows thermograms of two laminates containing 
surface cracks. Note the large increase in temperature which occurs 
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across crack surfaces and the sharp break in curvature of the isotherms 
at the crack. A surface crack can be adequately detected with heat 
intensities of one to three solar constants. Due to convective cooling 
from the surface, there is a limit to the size of zone in front of the 
heat source in which cracks can be detected [4,14,22]. This zone is 
about 10 to 20 mm for glass/epoxy and 25 to 50 mm for high conductivity 
graphite/epoxy. Heat flux magnitude has little effect. 
FLAW QUANTIFICATION 
To describe a single delamination, one must determine position in 
the plane of the laminate, planar extent, and location through the 
thickness. Detecting a hot spot will determine a delamination's planar 
position. The maximum gradient in the surface temperature occurs above 
the edge of most detectable delaminations [9,10,20,21], and isotherms 
clearly outline delamination extent. The remaining quantity of interest 
is the delamination's through-the-thickness location. 
Two readily measurable quantities from a delamination's thermogram 
are the maximum temperature difference, 6T, and the maximum temperature 
gradient at the edge of the delamination, TG. For a given size 
delamination in a laminate of known properties, only the thickness 
location (DLOC) and thermal properties (fractional conductivity FC) will 
affect TG, all other parameters being known. Determination of DLOC and FC 
can me made from6T and TG if relationships between these four are known. 
References [9,10,20,21] describe how data can be generated by 
implicit finite difference heat transfer analysis to give 6T and TG for 
ranges of DLOC and FC for a given size delamination. The data can be 
used in two methods for determination of DLOC and FC from 6T and. TG. In 
one method, two empirical equations for 6T and TG as functions of DLOC 
and FC are developed using nonlinear regression analysis of the 
computer-generated data. Values of ~T and TG are taken from a thermogram 
and the empirical equations are be solved numerically for DLOC and FC. 
The second method is graphical: the computer data is plotted on two 
graphs from which trial and error yields unique values of DLOC and FC 
from 6T and DLOC obtained from the thermogram. A similar procedure has 
been developed in [23] for the assumption of a two-dimensional 
rectangular flaw using 6T's obtained from thermograms at two diffrent 
times instead of two different quantities from the same thermogram. 
It is seldom known, however, that any given flaw or damage is a 
single delamination. It is possible to extend the above methods to 
utilize the complete thermal time history of the surface above a flaw to 
predict the thermal diffusivity/conductivity characteristics of the 
flawed region and thereby estimate damage geometry. Efforts in this 
direction have already begun [24]. 
AMBIENT CONDITION EFFECTS 
Surface Condition 
Infrared radiation (IR) is easily reflected from glossy surfaces and 
metal surfaces. Reflections from body heat, light bulbs, steam pipes, 
and radiant heaters have all been observed to cause hot spots on 
thermograms. Flat paint of any color will eliminate most IR reflections, 
but it is usually impractical to paint surfaces of many structures. It 
is wise to ensure that spurrious heat sources are removed from the test 
area or to shield the specimen. 
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Different colors of the same paint can have different emissivities 
which appear as different temperatures on thermograms [13,25]. These 
emissivity differences should not cause problems during testing since 
paint patterns can be easily seen and resulting anomalies in thermograms 
will be clearly identifiable. 
Paints and other coatings may cause thermal patterns due to 
thickness variations if the coating has a thermal conductivity different 
from the substrate [25]. If thermal conductivities of coatings and 
composites are nearly equal, this problem will not occur [13] as long as 
the coating is thin compared to the composite. 
Other surface conditions than paint have been studied [13]. It has 
been shown that abrasions on glossy surfaces can lower the apparent 
surface temperature slightly (0.2 °C). Soiled machine grease appears 1.0 
to 2.00C higher than a virgin painted surface, but clean lubricating oil 
has no effect on polymer matrix composites. 
Most problems caused by surface condition can be eliminated if 
surfaces are cleaned and visually inspected prior to testing. 
Support Structure 
Tests on a composite-skinned helicopter rotor blade have produced 
thermograms (Figure 3) showing a pattern of circular hot-spots over 
the hollow regions of the honeycomb substructure. The presence of the 
honeycomb pattern might mask any flaw hot-spots in a thermogram, but 
fortunately the pattern does not appear until minutes after optimal times 
for composite EATF NDE are past. Analysis and tests [9,10] of 
graphite/polymer and glass/polymer composites bonded to aluminum and 
polymer-impregnated honeycomb showed that the honeycomb pattern will not 
interfere with composite EATF thermographic NDE. In fact, the presence 
of higher thermal conductivity support structure of any kind, including 
ribs, appears to aid flaw detection in composite skins. 
Fig. 3. Thermogram of glass/epoxy helicopter rotor blade skin bonded to 
cellulose/polymer honeycomb. 
1130 
CONCLUDING REMARKS 
There are several advantages to EATF thermographic NDE methods over 
some of the more frequently utilized techniques. Since heat can be 
applied and surface temperatures can be measured by non-contact methods, 
access to the specimen is unhindered and real-time NDE can be conducted. 
This is especially true if infrared radiometers are used because they 
require no surface preparation. Heating times required are generally on 
the order of seconds and tests can be conducted rapidly. 
As with other single-sided NDE techniques, the primary limitation of 
the EATF method is that detection or quantification may not be possible 
if a flaw is too small, is located too far down from the observed 
surface, or if crack surfaces are in contact providing no thermal break. 
The newer thrusts in EATF thermography are the research into flaw 
imaging (quantification) and the NDE of very thin composites, films, and 
coatings by pulsed heating techniques. Developments in these areas are 
expected to provide the NDE community with attractive supplemental or 
alternative methods to conventional techniques. 
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